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The Rho family of GTPases plays key roles in the regulation of cell motility and morphogenesis. They also
regulate protein kinase cascades, gene expression, and cell cycle progression. This multiplicity of roles requires
that the Rho GTPases interact with a wide variety of downstream effector proteins. An understanding of their
functions at a molecular level therefore requires the identification of the entire set of such effectors. Towards
this end, we performed a two-hybrid screen using the TC10 GTPase as bait and identified a family of putative
effector proteins related to MSESS, a murine stromal and epithelial cell protein of 55 kDa. We have named this
family the Borg (binder of Rho GTPases) proteins. Complete open reading frames have been obtained for
Borgl through Borg3. We renamed MSESS as Borg5. Borgl, Borg2, Borg4, and Borg5 bind both TC10 and
Cdc42 in a GTP-dependent manner. Surprisingly, Borg3 bound only to Cdc42. An intact CRIB (Cdc42, Rac
interactive binding) domain was required for binding. No interaction of the Borgs with Racl or RhoA was
detectable. Three-hemagglutinin epitope (HA;)-tagged Borg3 protein was mostly cytosolic when expressed
ectopically in NIH 3T3 cells, with some accumulation in membrane ruffles. The phenotype induced by Borg3
was reminiscent of that caused by an inhibition of Rho function and was reversed by overexpression of Rho.
Surprisingly, it was independent of the ability to bind Cdc42. Borg3 also inhibited Jun kinase activity by a
mechanism that was independent of Cdc42 binding. HA;-Borg3 expression caused substantial delays in the
spreading of cells on fibronectin surfaces after replating, and the spread cells lacked stress fibers. We propose

that the Borg proteins function as negative regulators of Rho GTPase signaling.

Motility and morphogenesis are probably among the most
complicated processes that a cell performs. The proteins and
molecular mechanisms that regulate these processes are only
now beginning to be elucidated. Adherent cells elaborate an
extracellular matrix of proteins to which they bind through
receptors called integrins (8). The integrins cluster at focal
adhesion complexes and transmit signals through these com-
plexes to the actin-myosin cytoskeleton (11; for reviews, see
references 10 and 46). Signaling through other types of recep-
tor, such as those that bind growth factors, can be modulated
by engagement of integrins with the extracellular matrix (39).
A key role in controlling focal adhesions and the actin cytoskel-
eton is played by the small, Rho-like GTPases (9, 19, 28, 29),
of which there are at least 13 types in mammalian cells (15, 36,
54). The most intensively studied members of this family of
GTPases are RhoA, RaclA, and Cdc42. Many of these pro-
teins induce dramatic changes in the actin cytoskeleton when
expressed ectopically as gain-of-function mutants (23, 35, 40,
41; reviewed in reference 16) and can perturb cell adhesion,
cell spreading, motility, and cytokinesis (11, 20, 44, 50; re-
viewed in reference 26 and 55). The replating of fibroblasts
from suspension culture onto a fibronectin-coated surface
causes dramatic membrane ruffling and the rapid production
of lamellipodia and microspikes around the edges of the
spreading cells. These changes are mediated by the activation
of the Rac and Cdc42 GTPases (5). The RhoA GTPase is
transiently inhibited after replating and then activated at a
later stage of spreading, at which time actin stress fibers appear
within the cytosol (11). Similar changes in the activities of these
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proteins may occur at the leading edge of motile cells. Addi-
tionally, the Rho GTPases can activate protein kinases cas-
cades and transcription factors and can regulate entry into the
cell cycle (2, 12, 24, 37, 55).

Given this wealth of responses, it is not surprising that each
of the Rho family GTPases has been found to interact with a
plethora of target proteins that likely act as downstream effec-
tors. These proteins include a variety of types of kinase and of
adapters, plus other proteins of unknown function (for reviews,
see reference 51 and 55). Several of the adapter proteins in-
teract with known components of the actin cytoskeleton such
as profilin, but their roles remain unclear (49, 56).

Because the Rho family GTPases mediates changes in gene
expression and cell division that are independent of the actin
cytoskeleton, different subsets of effectors likely participate in
distinct signal transduction pathways downstream of the
GTPases (24, 52). It is only through the identification and
detailed analysis of the complete set of Rho family GTPases
and of their effector proteins, therefore, that we will achieve
satisfactory understanding of the molecular basis for those
aspects of motility and morphogenesis that are influenced by
these GTPases.

Toward this end, we performed a large two-hybrid screen of
a whole mouse embryo library, using the TC10 GTPase as bait.
Although its cDNA was cloned almost a decade ago (14), TC10
has been characterized only recently (14, 33). Of the >250
positives clones that we isolated in the screen, many contained
open reading frame fragments of previously described proteins
that interact with Cdc42 (33). These proteins include the pro-
tein kinases a-PAK, B-PAK, v-PAK, PAK4, myotonic dystro-
phy kinase-related Cdc42-binding kinase (MRCK)-a and -8,
and mixed-lineage kinase 2 (MLK2) (1, 25, 48, 51). We also
isolated a partial cDNA for a putative new MRCK protein that
we called MRCK-v. In addition, the screen identified N-WASP
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(30) and an uncharacterized protein called MSE55 (marrow
stromal/endothelial cell protein with a molecular mass of
55,000 Da) (3). All of these clones contained a CRIB (Cdc42,
Rac interactive binding) domain, which has been shown to be
necessary and sufficient to permit association with the Cdc42
and/or Rac proteins when in the GTP-bound state (7). Three
other downstream effectors of Cdc42 that also contain CRIB
domains, namely, WASP, p120ACK, and MLK3 (51), were not
identified in the two-hybrid screen. These proteins do not bind
TC10 (33).

We now describe a new family of five related TC10 and
Cdc42 binding proteins, which we have called Borgs (binders
of Rho GTPases). Three of the cDNAs for these proteins were
identified in the two-hybrid screen, and two more were uncov-
ered by database searches. One protein of this family (Borg5)
is identical to the previously reported protein MSESS (3),
which was discovered serendipitously as a protein cross-react-
ing with an anti-hemonectin antibody. A Northern blot de-
tected MSES5 mRNA only in endothelial and bone marrow
stromal cells (3). The cDNA encodes a protein of 391 amino
acid residues with two regions of weak similarity to some cal-
cium binding domains. More recently, a database search re-
vealed that the protein contains a CRIB domain, and purified
glutathione S-transferase (GST)-MSESS protein was shown to
bind efficiently to [y-**P]JGTP-Cdc42 and more weakly to
[y->*P]GTP-Rac (7). We demonstrate that the other Borg fam-
ily members are more widely expressed, that bind TC10 and/or
Cdc42, and can inhibit the Cdc42-mediated activation of the
c-Jun N-terminal kinase (JNK). Ectopic expression of Borgl or
Borg3 induces distinctive changes in cell morphology and sig-
nificantly delays cell spreading on fibronectin as well as cell
motility in a wound test.

MATERIALS AND METHODS

Cloning of Borg cDNAs. The two-hybrid screen has been described previously
(33). The bait was TC10(Q75L)AC, a gain-of-function mutant of TC10 lacking
the C-terminal isoprenylation signal and fused to the DNA binding domain of
the yeast GAL4 protein. The library was from a mouse embryo (day 9) fused to
the activating domain of VP16 and was kindly provided by Stan Hollenberg
(Seattle, Wash.). Four positive clones encoded a protein sequence highly similar
to that of the human protein MSES5 (amino acid residues 1 to 110) (3). Differ-
ences in 11 amino acids residues between the clones and MSES55 most likely
represent interspecies differences.

A set of two identical clones and another of five clones each encoded new
CRIB domains which showed closer similarity to that of MSES5 than to CRIB
domains of other known Rho family GTPase binding proteins. The complete
human cDNA of the first gene was obtained from expressed sequence tag (EST)
plasmid R13749/26651 and was named Borgl. Both fragments found in the
screen correspond to amino acids 1 to 181 of the human open reading frame of
Borgl and encompassed a complete CRIB domain. Alignments of sequences
were by made using the clustal algorithm in the Megalign program from the
DNAStar software package. The mouse sequence from the screen possesses four
additional amino acid residues (PSPQ) between positions 143 and 144. Overall,
the mouse and human sequences are 81% identical. The set of five clones encode
a reading frame, which we have termed Borg4, for which no full-length ESTs
were present in the database. A partial human sequence of Borg4 was obtained
from EST AA013011/360199. The sequence encodes two additional amino acid
residues (SS) located between positions 68 and 69 of the mouse sequence.

When the databases were searched by BLAST, using a region of the CRIB
domains of Borgl and MSE55/Borg5 as the query, we identified two new open
reading frames for closely related proteins, which we named Borg2 and Borg3.
EST AA046144/376758 encoded the complete human Borg2 protein, and EST
W85265/408069 encoded the complete mouse Borg3 protein. In all cases, we
have defined “complete” as meaning that the open reading frames begin with an
initiation codon downstream of a Kozak consensus sequence (22) and that
in-frame stop codons are found upstream of this sequence. Full-length Borgl,
Borg2, and Borg3 cDNAs were mutagenized by PCR so as to create a BamHI
(or, for Borg2, a BglII) site at the 5’ end and an EcoRI site at the 3’ end of the
open reading frames. These DNA fragments were then cloned in frame into the
pKH; (6), pGEX2T, and VP16 vectors that had been cut with BamHI and
EcoRI. The vectors produce fusion proteins with an N-terminal triple-HA1
(hemagglutinin epitope) tag, GST, or VP16 activation domain, respectively.

Two conserved residues within the CRIB domain of Borg3 (Ile** and Ser®*)
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were mutated to Ala residues by megaprimer PCR mutagenesis (4), to produce
CRIB (I,3A,S,,A). A truncation mutant in which the C-terminal 67 amino acid
residues of Borg3 were deleted was produced by PCR. Recombinant proteins
were expressed and purified from Escherichia coli as previously described (6).

Yeast conjugation assay. Conjugation assays were performed as previously
described (33). Briefly, Saccharomyces cerevisiae HF7c (MATa) was transformed
with VP16 vectors that express fragments or full-length sequences of Borg pro-
teins fused to the VP16 activation domain. Strain W303 (MATo) was trans-
formed with modified pGBT9 vectors expressing GAL4 DNA binding domain
fusions with different activated mutants of Rho family GTPases lacking the
C-terminal isoprenylation signal. The two mating types were mixed and incu-
bated overnight on YPD plates to permit mating. The following day, the spots
were replica plated onto selective medium (L™/W™/H™ plus 10 mM 3 aminotria-
zole) and incubated at 30°C to permit growth of diploids containing interacting
proteins. Other known target proteins that interact with Rac(G12V)AC and
Rho(G14V)AC were tested in the same assay as positive controls for expression
of these GTPases.

In vitro binding assays. Recombinant GST-Borg proteins were purified, and 2
ng of each, or of GST alone, was spotted onto nitrocellulose and allowed to dry
for 1 h at room temperature. The nitrocellulose was blocked in binding buffer (50
mM Tris-HCI [pH 7.5], 100 mM NacCl, 5 mM MgCl,, 0.1 mM dithiothreitol) plus
5% dried milk for 1 h at 4°C. TC10 and Cdc42 proteins (3 pg) were loaded with
[a-*?P]GTP or [«-**P]GDP (3,000 Ci/mmol) as described previously (33) and
separated from unincorporated nucleotide by passage over a Pharmacia PD10
size exclusion column equilibrated in binding buffer. Equal amounts of radiola-
beled proteins (ca. 0.5 pCi of each) were incubated with the nitrocellulose in 10
ml of binding buffer for 1 h at 4°C. The blots were subsequently washed three
times with 50 ml of binding buffer, and associated proteins were detected by
fluorography.

Immunodetection, i NIH 3T3 fibroblasts
were cultured on 10-cm-diameter plates or on two-well LabTek chamber slides
(Nunc) in Dulbecco modified Eagle medium (DMEM) supplemented with 5%
fetal calf serum, 5% calf serum, penicillin, and streptomycin. The cells were
transfected by the calcium phosphate precipitation technique as previously de-
scribed (43). For each transfection experiment, 12 pg of DNA was mixed with the
calcium phosphate reagents in a final volume of 1.2 ml. One-sixth of the mix was
added per LabTek chamber (for immunofluorescence studies), and the remain-
der was added per 10-cm-diameter plate of cells (for immunoblotting). When
two plasmids (12 pg of each) are mixed and cotransfected, we find that under
these conditions about 90% of the transfected cells express both proteins.

Cell protein extracts were prepared from the plates 48 h posttransfection,
submitted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes as described previously.
Proteins were detected with monoclonal antibody 12CAS5 (anti-HA; 1/5,000) or
9E10 (anti-Myc; 1/20,000) and revealed with a horseradish peroxidase-conju-
gated anti-mouse secondary antibody by using chemiluminescence (Kirkegaard
& Perry Laboratories, Gaithersburg, Md.). For immunofluorescence, cells were
washed in phosphate-buffered saline (PBS) 40 h posttransfection and then fixed
in paraformaldehyde (4% [wt/vol] in PBS) for 15 min at room temperature. Cells
were washed in PBS, and residual formaldehyde was quenched with 50 mM
ammonium chloride for 15 min. Cells were permeabilized with Triton X-100
(0.2% [vol/vol] in PBS) for 3 min and blocked in PBS plus 3% (wt/vol) bovine
serum albumin for at least 20 min. Cells were then incubated with mouse
monoclonal anti-HA antibody 12CA5 (1/500) in PBS plus 0.3% bovine serum
albumin for 1 h. After being washed in the same buffer, cells were incubated for
45 min with the secondary, Texas red-coupled antibody (1/1,200) and fluorescein
isothiocyanate (FITC)-phalloidin (1/1,000; Sigma). Slides were mounted in Citi-
fluor (Ted Pella, Redding, Calif.) and imaged by using a 60X water immersion
objective lens on a Nikon inverted microscope equipped with a Hamamatsu
charge-coupled device camera. Data were captured and processed by using
Openlab 2.0 (Improvision) and Adobe Photoshop 5.0 software.

JNK assay. Cos or NIH 3T3 cells, grown in DMEM supplemented with 5%
fetal calf serum, 5% calf serum, penicillin, and streptomycin, were cotransfected
with plasmids as described above. Control vectors pKH; and pRK7 were used as
necessary to normalize the amount of DNA transfected to 9 pg per 100-mm-
diameter plate. Cells were incubated overnight in serum-free DMEM 24 h
posttransfection; then 100 pg of anisomycin was added (control), and cells were
incubated for 20 min at 37°C. Cells were washed twice with 10 ml of ice-cold PBS
and lysed in 400 pl of lysis buffer (25 mM HEPES [pH 7.4], 300 mM NaCl, 1.5
mM MgCl,, 0.5 mM dithiothreitol, 20 mM B-glycerophosphate, 1 mM Na;VO,,
0.1% Triton X-100, 20 pg of aprotinin/ml, 10 pg of leupeptin/ml, 1 mM phenyl-
methylsulfonyl fluoride, 1 WM okadaic acid). Lysed cells were scraped off the
plates, and the supernatant was cleared by centrifugation (5 min at 14,000 X g,
4°C). Equal volumes (100 pl) of the supernatant were removed for immunoblot
analysis and separated on 12% polyacrylamide gels by SDS-PAGE. The proteins
were transferred to a nitrocellulose membrane and immunoblotted. HA;-tagged
proteins were immunoprecipitated from the remaining supernatant and washed
three times in buffer A (2 mM Na;VO, and 1% NP-40 in PBS), once in buffer
B (100 mM morpholinepropanesulfonic acid [MOPS; pH 7.5], 0.5 M LiCl), and
once in kinase buffer (12.5 mM MOPS [pH 7.5], 12.5 mM B-glycerophosphate,
7.5 mM MgCl,, 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM Na;VO,). Immunopre-
cipitated proteins were resuspended in 30 pl of kinase buffer, and 2 pg of purified
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GST—c-Jun(1-79) plus 2 pCi of [y->*P]ATP were added to each reaction tube.
The reactions proceeded at 30°C for 20 min and were stopped by the addition of
10 ul of 4X Laemmli sample buffer. Kinase reaction complexes were separated
on 12% polyacrylamide gels by SDS-PAGE and analyzed by fluorography.

Cell spreading and motility assays. NIH 3T3 cells in 10-cm-diameter plates
were transfected with 10 ug of DNA. Forty hours after transfection, cells were
trypsinized, maintained in suspension for 15 to 20 min, and then replated on
LabTek chambers that had been coated with fibronectin (0.5 ml of a 50-p.g/ml
solution). At different times (18, 45, or 180 min) after replating, cells were fixed
with paraformaldehyde and processed for immunofluorescence as described
above. Transfected cells were analyzed by using Openlab 2.0 software to measure
cell surface areas in contact with the fibronectin surface. For each time point, the
areas of 100 cells were counted. To compare expression levels of the Borg
proteins within the transfected cells, images were captured under conditions such
that no camera pixels were saturated, and the mean fluorescence of the counted
cells was determined for each experiment. Differences in mean cell area at 18
min postplating were analyzed by an unpaired ¢ test assuming equal variances
(variances were calculated for each data set and found to be approximately
equal). Probabilities (P values) were also calculated for the f-test values and
degrees of freedom (i.e., 198).

To quantitate cell mobility, a wounding assay was used. Cells were cotrans-
fected with the plasmid of choice plus pK7-GFP, which expresses a bright mutant
of green fluorescent protein (GFP). Cells were split and replated at high density
and low density onto two 35-mm-diameter plates. After 3 days, when the cells
were confluent, an aspirator was drawn across the center of the high-density
culture, to produce a clean 1-mm-wide wound area free of cell debris. After a
further 24 h of incubation to permit migration of cells into the empty area of the
plate, the numbers of green and nonfluorescent cells in the cleared area were
counted and compared to the ratio of green to nonfluorescent cells in the
low-density, unwounded culture. Cells cotransfected with pK7-GFP and the
pRK?7 empty plasmid gave a ratio close to 1.0, a value expected if the GFP itself
has no effect on motility. Statistical significance of the data was assessed by a
two-sample ¢ test.

Nucleotide sequence accession numbers. Accession numbers for the Borg
open reading frame sequences are AF163840 (Borgl), AF164118 (Borg2),
AF164119 (Borg3), and AF165114 (Borg4).

RESULTS

Cloning of Borg family cDNAs. A two-hybrid screen of a
9-day mouse embryo library using an activated TC10 GTPase
as bait identified numerous clones that encoded protein frag-
ments incorporating a CRIB domain. Three groups of clones
had almost identical CRIB domains and similar flanking se-
quences, suggesting that they belonged to a family of related
proteins that interact with Rho family GTPases (Fig. 1). Da-
tabase searches using the protein sequence of each group un-
covered five sets of human ESTs encoding proteins with a high
degree of similarity to the two hybrid clones. One of these
clones was almost identical to the previously reported human
MSESS protein (3) and is most likely the mouse counterpart of
MSESS. We obtained from different ESTs the complete open
reading frames for three proteins of this new family but found
no ESTs encompassing the 3’ end of one cDNA found in the
screen.

Because the predicted sizes of the members of this family
are all lower than 55 kDa, because the tissue expression of the
corresponding mRNAs is not restricted to endothelial and
stromal cells (see below), and because the name MSES5S5 does
not indicate function, we decided to rename the whole family
Borg proteins. Borgl is the complete new protein of which a
part was revealed in the two-hybrid screen, Borg2 and Borg3
are the two proteins for which DNA sequences were found in
the EST database, Borg4 corresponds to the incomplete cDNA
identified in the screen, and Borg5 is MSESS. Two uncharac-
terized sequences which correspond to Borgl have been de-
posited by others in the GenBank database (accession no.
AF001436 and AF094521).

Surprisingly, the mouse sequence of Borgl contains four
additional amino acids after position 143 that are a repeat of
the four previous amino acids (PSPQ). This discrepancy is
confirmed in two other independent mouse EST clones. Ad-
ditionally, the human sequence of Borg4 contains an insertion
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of two amino acids between positions 68 and 69 of the mouse
sequence (SSSK versus SK). These differences in otherwise
well-conserved sequences might reflect the presence of differ-
ent splice variants of the same proteins.

The domain structures of the Borg proteins are diagrammed
in Fig. 1A. Borgl, Borg2, and especially Borg3 (210 [22.5 kDa],
254 [27.5 kDa], and 150 [15.5 kDa] amino acid residues, re-
spectively) are smaller than Borg5/MSES5 (which consists of
379 amino acid residues, for a predicted molecular mass of 39
kDa). Bahou et al. (3) described MSESS as a 391-amino-acid
protein, but the initiation codon that they indicated corre-
sponds, at the mRNA level, to a very unlikely translation start.
The Kozak context (22) for translation is unfavorable: CUGA
UGC versus the best consensus described, ACCAUGG (the
first adenine being present in 90% of cases) (initiation codon
indicated by underlining). The context of the second in-frame
Met codon (ACCAUGA) is closer to the Kozak consensus
motif and aligns naturally with the initiation codon of the other
Borg proteins (Fig. 1B). We suggest, therefore, that it most
probably represents the true start site for translation of Borg5
and have numbered residues in Fig. 1 accordingly. The N-
terminal regions of all five Borg proteins are highly similar,
comprising a short basic region (from 13 amino acids for Borgl
to as short as 3 amino acids for Borg5) followed by a CRIB
domain sequence, ISXPLGDFRHTXH(I/V)G. This sequence
matches the consensus motif, [(S/G)XPXXFXHXXHVG (7),
with an additional residue in the Borg CRIB domains between
the P and F residues.

A well-conserved, short domain of about 12 amino acids that
is not found in any other known protein follows the CRIB
domain. We therefore call it Borg homology 1 (BH1) domain.
The central and C-terminal parts of the proteins are more
divergent. Two other well-conserved motifs that we call the
BH2 and BH3 domains can be defined (Fig. 1). The BH2
domain is not present in Borg3; the BH3 domain has a central
location in Borg5, whereas it is localized at the C-terminal
parts of Borgl, Borg2, and Borg3. Neither domain is present
within the N-terminal fragment of Borg4 for which we have
sequence information. A proline-rich domain (about 40% of
Pro in each case) can be observed in the central regions of
Borgl, Borg3, and Borg5. The four amino acid residues inser-
tion of the mouse Borgl sequence is located within this region.
Borg5 also contain eight in-tandem heptad repeats (consensus
PAANPPA) located at the C-terminal side of the BH3 domain.

Borg mRNAs show distinct expression patterns. The MSES5
gene is expressed in endothelial and bone marrow stromal cells
but not in monkey liver, spleen, brain, lung, and kidney (3). To
determine the tissue expression patterns of other members of
the family, fragments of cDNA encoding human Borgl, Borg2,
or Borg4 or mouse Borg3 were used to probe a human tissue
poly(A)"™ mRNA blot (Fig. 2). Borgl, Borg2, and Borg3
mRNAs were detected in all eight tissues studied, though at
very different levels. For all three genes, multiple transcripts
were observed. Borgl is expressed as two transcripts of about
1.8 and 2 kb and at high levels in heart. Borgl mRNA is less
abundant in pancreas and especially liver. The Borg2 probe
revealed four different transcripts of various sizes (from 2 to
5.5kb). Borg2 is also expressed at high levels in heart but at low
levels in brain, and the largest transcript was not detected in
liver. The Borg3 probe was not of human origin and gave a
weaker signal. However, transcripts of about 1 and 2 kb are
visible (Fig. 2) and were more clearly seen in a rat cardiomy-
ocyte mRNA extract (data not shown). In addition to these two
messengers, present in all examined tissues, a more abundant
transcript of about 3.5 kb is detectable specifically in skeletal
muscle. The presence of multiple transcripts suggests the pos-
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FIG. 1. (A) Schematic of Borg protein domain structures. Bars showing the regions of similarity within the primary sequences of the Borg proteins are aligned
according to the CRIB domains. The C-terminal sequence of Borg4 is not known. Borg5 is the putative mouse homolog of human protein MSES5. (B) Alignment of
BH1, BH2, and BH3 domains. The N-terminal region comprises the CRIB domain and the BH1 domain.

sible existence of differentially spliced mRNAs and of Borg
protein variants. Indeed, two slightly different mRNAs of
MSES55 have been described (3). No transcripts were found in
any tissues probed with the Borg4 probe. The Borg4 gene
might, like Borg5, be expressed in only a few, specific tissues or
cell types. However, it is striking that all available ESTs are of
embryonic or fetal origin. Therefore, Borgd may not be ex-
pressed in adult tissues.

Borg3 interacts specifically with Cdc42. Partial cDNAs for
Borgl, Borg4, and Borg5 were found in the two-hybrid screen.
All clones of these cDNAs contained the 5’ coding region
including the region corresponding to the CRIB and BHI

domains of the proteins. In a yeast two-hybrid conjugation
assay, the expressed protein fragments of Borgl, Borg4, and
BorgS interacted specifically with the activated TC10 GTPase
deleted of its isoprenylation signal [TC10(Q75L)AC] and not
with the GDP-bound TC10 mutant [TC10(T31N)AC] (Fig. 3A
shows data for Borgd and Borg5). They also bound to an
activated mutant of Cdc42 [Cdc42(Q61L)AC]. To check that
the interaction was not an artifact of the use of fragments
rather than full-length proteins, we repeated the conjugation
assay using the complete open reading frames of Borgl to
Borg3. Surprisingly, although the Borgl and Borg?2 interacted
specifically with TC10, Borg3 did not (Fig. 3A). Borg3 did,
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FIG. 2. Tissue-specific expression of Borg genes. A nylon membrane containing human poly(A)* mRNAs from different tissues (Clontech) was hybridized with
a-3?P-labeled human (mouse for Borg3) cDNA probes encoding the Borg proteins. Ran GTPase cDNA was used as a loading control. The same membrane was used
in all four Northern blots. Molecular sizes of RNA standards are indicated (in kilobases) on the left. Arrows indicate the multiple transcripts that hybridized with each

probe.

however, interact strongly with Cdc42. Burbelo et al. reported
a weak binding of MSES55/Borg5 to GTP-loaded Racl in a dot
blot assay (7), but in our hands, no member of the Borg family
gave a positive response in the two-hybrid assay with activated
mutants of either Racl or RhoA (Fig. 3A).

To determine whether the observed interactions between
the small GTPases and the Borgs is direct, we spotted equal
amounts of recombinant GST-Borgl, GST-Borg2, and GST-
Borg3 fusion proteins onto nitrocellulose and incubated them
with recombinant TC10 or Cdc42 that had been loaded with
[a-*?P]GTP. After washing, the GST-Borgl and GST-Borg2
proteins showed strong binding to both Cdc42 and TC10. Bind-
ing of GST-Borg3 to TC10 was undetectable, although it
bound the GTP-loaded Cdc42 with high affinity (Fig. 3B).
[a-*?*P]GDP-Cdc42 did not bind to GST-Borg3, demonstrating
that, as expected, the binding of Cdc42 to Borg3 is nucleotide
dependent (Fig. 3C). These results confirm the validity of the
yeast two-hybrid conjugation assay and demonstrate that the
original two-hybrid screen was unable to identify Borg3 not
because it was absent from the library but because it does not
recognize TC10. It is interesting that the Borg3 CRIB domain,
though closely related to the CRIB domains of the other Borg
family members, nonetheless contains determinants that can
differentiate TC10 from Cdc42, despite the fact that these
GTPase effector domain sequences are almost identical. Sim-
ilarly, we have found that while MLK2 and N-WASP interact
with TC10, MLK3 and WASP do not, though all seem to bind
with similar affinity to Cdc42 (33).

To confirm that the CRIB domain constitutes the only bind-
ing site on Borg proteins for Cdc42, we created a GST-Borg3
mutant in which the two first, highly conserved amino acid
residues (Ile and Ser) of the CRIB motif were converted to Ala
residues [Borg3(L,5A,S,,A)]. This fusion protein did not de-
tectably bind [a-**P]GTP-loaded Cdc42 (Fig. 3B). We also
created a C-terminal truncation mutant of Borg3, GST-

Borg3(1-83), which lacks BH3 and part of the Pro-rich do-
main. This mutant bound Cdc42 as well as did the wild-type
protein. These results argue that the CRIB domain region of
Borg3 is necessary and sufficient for interaction with the Cdc42
GTPase.

Borg3 inhibits JNK independently of Cdc42 binding. JNK is
the terminal protein kinase of a cascade that can be activated
by numerous stress-related signal inputs and by a variety of
seven-transmembrane domain receptors that couple to hetero-
trimeric G proteins (31). The By subunits released from the G
protein upon activation of these receptors are believed to ac-
tivate exchange factors for Rho family GTPases (13). Cdc42
can then activate the protein kinase cascade that switches on
JNK. The mixed-lineage kinase MLK2 may mediate this acti-
vation (18). However, there remains the possibility that other
downstream effectors of Cdc42 participate in the pathway. We
therefore tested the effects of Borg expression on the activity of
JNK in transfected Cos cells.

As shown in Fig. 4, the coexpression of HA;-Borg3 sup-
pressed the basal activity of HA-JNK. Anisomycin stimulated
both the basal JNK and Borg-inhibited JNK activities by about
the same degree, indicating that Borg3 does not interfere with
the stress-mediated signaling pathway that regulates JNK. The
inhibition by HA;-Borg3 was not a result of changes in the
level of expression of the HA-JNK or of competition for the
anti-HA antibody. In fact, HA;-Borg3 is not efficiently immu-
noprecipitated by the anti-HA; tag antibody, perhaps because
the tag is hidden by interaction of the Borg with other proteins
or because it is partially buried within the folded protein (not
shown). To assess whether this inhibition is dependent on the
binding of Cdc42, we used in the same assay a CRIB domain
mutant, Borg3(1,5A,S,,A), that cannot bind Cdc42. Expression
of this mutant inhibited basal JNK activity to the same extent
as the wild-type Borg3 (Fig. 4B). In each case, we checked the
presence of all ectopically expressed proteins in the lysates by
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FIG. 3. Binding of Borg proteins to different Rho-like GTPases. (A) Yeast
two-hybrid conjugation assays. S. cerevisiae HF7c (MATa) was transformed with
VP16 empty vector or with VP16 containing Borg cDNAs (the complete open
reading frame of Borgl, Borg2, or Borg3 or a fragment obtained from the
two-hybrid screen for Borgd and Borg5). The transformants were then conju-
gated to S. cerevisiae W303 (MATa) which had been transformed with pGBT9
plasmids containing cDNA encoding different Rho-like GTPases. Each GTPase
open reading frame had been truncated to remove the C-terminal isoprenylation
signal. Results show the growth of diploids after replica plating onto selective
medium (L™/W~/H™ plus 10 mM 3-aminotriazole). For the three Borg cDNAs
identified in the screen, the number of independent clones identified is noted. (B
and C) Binding of GST-Borg proteins to TC10-GTP, Cdc42-GTP, or Cdc42-
GDP. Purified recombinant GST or GST-Borgl, GST-Borg2, GST-Borg3, GST-
Borg3(1,3A,S,4A), and GST-Borg3(1-83) (2 pg of each) were spotted onto a
nitrocellulose membrane, which was then incubated with TC10-[a->’P]GTP,
Cdc42-[a->*P]GTP, or Cdc42-[a-**P]GDP (0.5 nCi; 3,000 Ci/mmol). Interac-
tions were revealed by fluorography after the membranes were washed in binding
buffer as described in Materials and Methods.

MoL. CELL. BIOL.

XV&.
o D
A & e”i‘@jﬁé%
Nkt

[ - —cn )
[ es s ~HAINK
[ e=»ew| <HA-Borg3

[1 [1.9]0.24/0.43] <JNK activity

relative to basal

S & %*”9
& QQ

x

B) & i ée 4

o pueE
[ e>e] <—HA-JNK
<A Borg

[ 1 [1.81/0.07/0.05 < JNK activity

relative to basal

FIG. 4. Inhibition of JNK by Borg3. Cos cells were transfected as described
in Materials and Methods and incubated overnight in serum-free DMEM. After
24 h, 100 pg of anisomycin (Anis.) was added (control) and the cells were
incubated for 20 min at 37°C. Cells were lysed in 400 pl of lysis buffer. After
clearing, equal volumes (100 pl) of the supernatant were removed for immuno-
blot analysis and separated by SDS-PAGE. Proteins were transferred to a nitro-
cellulose membrane and immunoblotted as described in Materials and Methods.
HA;-tagged proteins were immunoprecipitated from the remaining supernatant
and resuspended in 30 pl of kinase buffer, and 2 pg of purified GST—-c-Jun(1-79)
as the substrate plus 2 uCi of [y->*P] ATP were added to each reaction tube. The
reactions proceeded at 30°C for 20 min and were stopped by the addition of 10
wl of 4x Laemmli sample buffer. Kinase reaction complexes were separated by
SDS-PAGE and analyzed by fluorography.

immunoblotting (Fig. 4). A similar inhibition of JNK activity by
HA;-Borg3 and HA;-Borg3(1,5A,S,,A) was observed in trans-
fected NIH 3T3 cells (not shown).

These data indicate that the inhibition of the JNK pathway
by Borg proteins is independent of the binding to Rho-like
GTPases and therefore is not a result of competition for an-
other downstream effector such as MLK2, which is required for
JNK activation.

Effects of ectopic expression of Borg proteins on cell shape.
To examine whether Borgs might, like many downstream ef-
fectors of Cdc42/Rac, play a role in the elaboration or remod-
eling of the actin cytoskeleton, we expressed Borgl, Borg2, and
Borg3 as HA;-tagged fusion proteins in NIH 3T3 fibroblasts.
As a negative control, cells were transfected with the empty
vector, pKH;. Expression of the Borg protein was detected
with the monoclonal anti-HA antibody 12CAS5 and a secondary
Texas red-coupled antibody. The F-actin framework was re-
vealed by using FITC-phalloidin. Expression of HA;-Borgl did
not cause any dramatic changes in cell shape, but there was a
substantially reduced abundance of stress fibers in most of the
transfected cells, and unusually long, thin extensions were
common (Fig. 5b and c). Similar but more pronounced mor-
phological changes were seen when we ectopically expressed
HA;-Borg2 and especially HA;-Borg3. Most of the transfected
cells displayed a disturbed shape, in which the cell bodies had
pulled in, but also extended long, sometimes beaded processes
and protrusive lamellipodia (Fig. 5d to g). This phenotype is
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FIG. 5. Cell morphologies induced by ectopic expression of HA;-tagged Borg proteins. NIH 3T3 fibroblasts were transfected with pKH; empty vector (a) or with
pKH; or pKMyc vector containing cDNA encoding either Borgl (b and c), Borg2 (d and e), Borg3 (f and g), or Cdc42 (k). Some cells were cotransfected with
pKH;-Borg3 plus pKMyc-Rac(G12V) (i and j) or with pKH;-Borg3 plus pKMyc-Cdc42 (1). Cells were fixed 40 h after transfection and processed for immunofluo-
rescence using either the monoclonal mouse anti-HA antibody 12CAS and a secondary, Texas red-coupled anti-mouse antibody to detect Borg proteins (b, d, f, and
i) or with FITC-phalloidin to reveal F-actin (a, c, e, g, j, k, and 1) as described in Materials and Methods. Lysates from transfected cells were analyzed by immunoblotting
using anti-HA antibody 12CAS. Detection was by chemiluminescence (h). For panels k and I, expression of Myc-Cdc42 (k) and HAz-Borg3 (1) was checked by
immunofluorescence using monoclonal antibodies 9E10 (anti-Myc) and 12CAS5, respectively, and a secondary Texas red-coupled antibody (not shown). In panel k, arrow

indicates a transfected cell. Bar = 40 pm.

reminiscent of that produced by the overexpression of
RhoGDI or RhoGAPs such as p190 or by injection of C3
botulinum toxin which inhibits Rho function (40, 53). The
HA;-Borgs were all localized mainly in the cytosol but also in
filopodia and at the edges of lamellipodia, where they were
coincident with cortical F-actin structures (Fig. 5b to g). These
phenotypes were also seen in other cell types that were tested,
including baby hamster kidney (BHK21) and Swiss 3T3 cells
(data not shown). We confirmed by immunoblotting that
Borgl to Borg3 were expressed and were of the expected size
(Fig. 5h). To verify the preferential targeting of the Borg pro-
teins to the ruffles of lamellipodia, we coexpressed a Myc-
tagged, activated Racl [Racl(G12V)] with HA;-Borg3. Ex-
pression of activated Racl in NIH 3T3 fibroblasts induces the
formation of rounded cells with large, multilayered ruffles
around the entire edge of the cell (41). Ectopic expression of
HA;-Borg3 did not perturb this phenotype, as shown by phal-
loidin staining (Fig. 5j), but the Borg protein was concentrated
in the ruffles (Fig. 5i). However, the interaction of the Borg
with these structures is relatively weak, because treatment with
0.008% digitonin to permeabilize the plasma membrane re-
sulted in the loss of all detectable HA;-Borg3 from the cells,
though it did not visibly perturb the actin cytoskeleton (data
not shown).

We then wanted to assess whether the ectopic expression of
Borgs would inhibit the cytoskeletal remodeling induced by
Cdc42. Overexpression of wild-type HA;-tagged or Myc-
tagged Cdc42 induces the formation of lamellipodia bordered
with microspikes around the cell edge and a partial loss of
stress fibers (Fig. 5k). The coexpression of HA;-Borg3 with
Myc-Cdc42 did not inhibit this phenotype but instead pro-
duced a different, “porcupine” phenotype, in which the cells
radiated an abundance of actin-filled spikes that were some-
times branched and the cell bodies were devoid of stress fibers
(Fig. 51). Equivalent results were obtained when HA;-Borgl or
HA;-Borg2 was coexpressed with Myc-Cdc42 (not shown).
This phenotype is not caused by a Borg-mediated enhance-
ment of Cdc42 function, for the following reasons. First, the
phenotype is not induced by expression of a gain-of-function
mutant of Cdc42. Second, we observed a similar phenotype
when the p190 RhoGAP was coexpressed with Myc-Cdc42
(data not shown). We conclude, therefore, that Borgs neither
inhibit Cdc42 function nor act downstream of Cdc42 to trigger
filopodia formation, but that the results are consistent with an
inhibition of Rho function induced by Borg proteins. To test
this hypothesis, we examined whether the Borg phenotype
could be reversed by the coexpression of wild-type Rho. NIH
3T3 cells were transfected either with HA;-Borg3 alone, with
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FIG. 6. Borg phenotype is abolished by coexpression of Myc-RhoA. NIH 3T3 fibroblasts were transfected with either pKMyc containing cDNA encoding for RhoA
protein (a and d) or pKHj; containing cDNA encoding Borg3 protein (c and f) or were cotransfected with plasmids encoding HA;-Borg3 and Myc-RhoA proteins (b
and e). Cells were fixed and processed for immunofluorescence. Tagged proteins were detected with either monoclonal anti-HA antibody 12CAS (b and c) or
monoclonal anti-Myc antibody 9E10 (a). Both antibodies were revealed with a secondary, Texas red-coupled anti-mouse antibody. F-actin was revealed with

FITC-phalloidin (d to f). Bar = 40 pm.

Myc-tagged RhoA alone, or with HA;-Borg3 plus Myc-RhoA.
As can be seen in Fig. 6¢ and f, the Borg3 produced a charac-
teristic distortion of the normal cell morphology, with loss of
stress fibers and the extension of protrusive lamellipodia. Co-
expression of the Myc-RhoA dramatically increased stress fi-
ber formation and the restoration of a more normal fibroblast
appearance. This result supports the hypothesis that Borg3
inhibits Rho function and suggests that it acts upstream of or
parallel to Rho rather than by inhibiting a downstream effector
of Rho.

Finally, to determine whether the effect of the Borg proteins
on the cell phenotype is dependent on binding to Cdc42, we
used the CRIB (I,5A,S,,A) mutant of Borg3, which is defective
in Cdc42 binding (Fig. 3B). Surprisingly, when transfected into
NIH 3T3 fibroblasts, the CRIB-defective mutant induced the
same dramatic phenotype as did wild-type HA;-Borg3, with
loss of stress fibers and the extension of large, protrusive la-
mellipodia (Fig. 7b and e). The expression of a C-terminal
deletion of Borg3 (residues 1 to 83) gave a weaker phenotype,
similar to the one obtained when Borgl is overexpressed. Few
cells produced protrusive lamellipodia, but many cells ex-
tended long processes (Fig. 7c). Although the CRIB-defective
mutant was expressed at levels equivalent to those of the wild-
type HA;-Borg3, the Borg3(1-83) fragment did not express
well, and only few cells expressed the protein at a high level.
However, no degradation of the protein could be detected
(Fig. 7g). The data suggest that the characteristic phenotype
induced by expression of Borg3 is independent of its interac-
tion with Cdc42.

Expression of Borg proteins delays cell spreading in a CRIB
domain-dependant manner. Recent evidence has implicated
several Rho family GTPases in cell motility and in spreading
on fibronectin-coated surfaces (11, 34). Engagement of inte-
grin receptors by fibronectin results in a rapid and dramatic
activation of Cdc42 and Rac, which promotes their interaction
with a plethora of downstream effectors (11, 55). The function
of many of these interactions in motility and spreading remains

unclear. To determine whether the expression of Borg proteins
would affect the ability of cells to spread, NIH 3T3 fibroblasts
were transfected with either the empty pKH; vector, pKH;-
Borgl, or pKH;-Borg3. Forty hours after transfection, cells
were trypsinized, maintained in suspension for 15 to 20 min,
and then replated onto fibronectin-coated slides. Cells were
fixed with paraformaldehyde at intervals and processed for
immunofluorescence labeling. Spreading was quantitated by
measuring total cell surface areas of transfected or control
cells. Results are shown in Fig. 8. At early times after replating
(18 min), control cells were rounded, with lamellipodia encir-
cling the cell bodies. Cells were at this stage devoid of stress
fibers (Fig. 8a, untransfected cells). On the other hand, many
of the cells expressing HA5-Borgl or HA;-Borg3 remained
very small (cell area < 500 pm?), whereas almost no control
cells were of that size (Fig. 8m). By 45 min, control cells were
still rounded but had formed some stress fibers (Fig. 8b). In
contrast, although the Borg-expressing cells began to spread,
most of them were still small and completely devoid of stress
fibers. Three hours after replating, control cells possessed
abundant stress fibers and had attained a normal fibroblastic
shape (Fig. 8c). Curiously, although the majority of Borg-ex-
pressing cells had by 3 h reached surface areas similar to those
of the control (Fig. 8m), they exhibited an unusual phenotype,
with a highly convoluted perimeter. These cells contained few
stress fibers (Fig. 8c).

These results suggest that the ectopic expression of Borgl or
Borg3 can interfere with the normal process of spreading, both
by delaying the rate of spreading and by interfering with the
attainment of a normal fibroblastic shape after spreading is
complete. The Rho GTPase is initially inhibited after engage-
ment of integrin receptors by fibronectin but is activated at
later stages of cell spreading. The effect of the Borg3 on cell
shape is therefore consistent with the proposal that the Borgs
partially inhibit Rho function.

As discussed above, the loss of stress fibers and changes in
cell shape induced by Borg3 are independent of Cdc42 binding.
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To determine whether the reduction in spreading rate or
alteration in cell shape is mediated by a Borg3-Cdc4?2 interac-
tion, we assessed the effect of the mutant protein
Borg3(1,5A,S,,A) and of Borg3(1-83). Ectopic expression of
HA;-Borg3(1,5A,S,,A) significantly reduced the delay in cell
spreading seen with the wild-type HA;-Borg3 (Fig. 8g and h).
Within 18 min following replating, 48% of the cells expressing
HA,-Borg3(1,;A,S,,A) were larger than 10> um? (Fig. 8n), a
proportion similar to that for the control cells (54%) and
substantially higher than that for the cells expressing wild-type
HA;-Borg3 (13%). These differences were very highly signifi-
cant, as determined by an unpaired ¢ test (equal variances).
Borg3(1-83) gave an intermediate result. The effects of the two
mutants are not additive since the results obtained with a
double mutant, HA;-Borg3(I1,;A,S,,A,1-83), was similar to
that of cells expressing the CRIB(I,;A,S,,A) mutant (not
shown). The differences in spreading rate were not due to
differences in expression levels of the various proteins, as
judged by quantitation of the immunofluorescence of trans-
fected cells counted in the assay (not shown).

These data indicate that the inhibition of spreading by Borg3
depends largely on its ability to bind Cdc42 and to a lesser
extent on an intact BH3 and/or Pro-rich domain. The inhibi-
tion may be partially explained by a competition with other
downstream effectors for Cdc42, which is rapidly activated
upon integrin receptor engagement by fibronectin.

Borg3(123A,524A)
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Borg3(1-83)

FIG. 7. Borg3 phenotype is independent of Cdc42 binding. NIH 3T3 fibro-
blasts were transfected with pKH; vector containing cDNA encoding either
Borg3 (a and d), Borg3(I,;A,S,,A) (b and e), or Borg3(1-83) (¢ and f). Cells
were fixed and processed for immunofluorescence by using either monoclonal
mouse anti-HA antibody 12CAS revealed with a secondary, Texas red-coupled
anti-mouse antibody to detect HA;-Borg proteins (a to c¢) or FITC-phalloidin to
reveal F-actin (d to f). Bar = 40 wm. In parallel the expression levels of the
different proteins were checked by immunoblotting with anti-HA antibody after
transfer of cell lysate proteins to a nitrocellulose membrane (g). Proteins were
revealed by chemiluminescence using a secondary anti-mouse antibody coupled
to horseradish peroxidase. A control with cells transfected with pKH; empty
vector is also included. For cell lysates containing HA3-Borg3(1-83), a 10-fold
longer exposure of the membrane is shown (X10). Arrows indicate the different
Borg3 proteins.

Contrary to the effects on spreading rate, however, the two
Borg3 mutants remained fully capable of interfering with the
attainment of a normal fibroblastic cell shape. As can be seen
in Fig. 8i and 1, the transfected cells after 3 h on fibronectin
possess highly convoluted, lace-like peripheries with several
holes near their edges. These cells also lack stress fibers (not
shown). This result is consistent with the possibility that a
domain near the N terminus of Borg3 (e.g., BH1) can inhibit
Rho function independently of Cdc42 binding.

Dynamic regulation of Rho is also required for cell migra-
tion (34). We therefore examined whether the ectopic expres-
sion of HA;-Borg3 could inhibit the movement of cells into a
cleared area of a monolayer. This wounding assay is expected
to be less sensitive to small changes in signaling functions,
because it occurs over a prolonged time period (24 h). Thus,
cells that have a reduced motility rate might still have time to
migrate into the cleared area. Nonetheless, as shown in Table
1, HA;-Borgl, HAs-Borg3, and HA;-Borg3(1,5A,S,,A), when
coexpressed with GFP, did significantly reduce the fraction of
green fluorescent cells that migrated.

DISCUSSION

We have described a new family of proteins, named Borgl to
BorgS5, that are putative downstream effectors of Cdc42 and/or
TC10. Borgl, Borg4, and Borg5 were identified from a two-
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FIG. 8. Borg3 expression delays cell spreading of NIH 3T3 cells on fibronectin-coated surface in a Cdc42-binding-dependent manner. NIH 3T3 fibroblasts were
transfected with pKH; empty vector or with pKH; containing cDNA encoding either Borgl, Borg3, Borg3(I,3A,S,4A), or Borg3(1-83); 40 h after transfection, cells
were trypsinized and replated on fibronectin-coated slides. Cells were fixed and processed for immunofluorescence at specific times. FITC-phalloidin was used to reveal
F-actin (a to c), and anti-HA antibody 12CAS5 and a secondary, Texas Red-coupled anti-mouse antibody were used to reveal Borg proteins (d to 1). Arrows in panels
a to ¢ show HA;z-Borg3-expressing cells. Bar = 40 pm. For quantitation of cell surface area at 18 and 180 min following replating (m and n), cells were visualized by
FITC-phalloidin (Control) or anti-HA staining. Measurement were made on 100 cells for each time point, using the Openlab 2.0 software. Cells were then grouped
according to size. Results of one representative experiment are shown. Two to four independent experiments were carried out. Data for the 18-min time point were
analyzed by an unpaired ¢ test. Variances were approximately equal for all data sets. Mean areas for Borgl- and Borg3-transfected cells were very highly significantly
different from those of the control (P << 0.001) and Borg3(I,;A,S,,A)-transfected (P << 0.001) cells.
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TABLE 1. Effects of ectopic expression of Borg proteins on
fibroblasts migration in a wound test

Ectopic expression
(% of migrating cells
expressing GFP/% of
cells expressing GFP

in the population)

No. of
experiments

Protein expressed
with GFP

None (Vector) 1.21 £0.23 2
HA-Borgl 0.77 + 0.13° 3
HA-Borg3 0.77 = 0.17% 3
HA-Borg3(1,5A,S,,A) 0.88 + 0.13> 3

“ Value is significantly different from control, P < 0.025 (two-sample ¢ test for
independent samples).
b p < 0.05.

hybrid screen using the TC10 GTPase as bait; Borg2 and Borg3
were discovered from database searches for Borg-related
ESTs. Borg5 is most likely the human homolog of a previously
reported protein called MSESS5 that was shown to interact with
Cdc42 and Rac through a conserved CRIB domain (3). Each
member of the Borg family contains a highly related CRIB
domain near the N terminus of the protein and several further
regions of close similarity to one another, which we have called
BH1, BH2, and BH3 domains, that were not found in any other
proteins in the database. Remarkably, although Borgl, Borg2,
Borg4, and Borg5 appear to bind with similar affinities to both
Cdc42 and TC10, Borg3 does not interact detectably with
TC10. Compared with the other members of the family, the
Borg3 protein sequence lacks three amino acids immediately
upstream of the CRIB domain. This deletion might account for
the differential binding to the small GTPases. This result ex-
tends our previous observations that closely related pairs of
effectors, such as MLK2-MLK3 and WASP-N-WASP, interact
differentially with TC10 (33). TC10 has also been reported to
be insensitive to the nucleotide exchange factor Dbl (17). Thus,
TC10 may be designed to respond in a restricted way to only a
subset of upstream signals and to activate only a specific subset
of the downstream effectors that are regulated by Cdc42. Such
restrictions may be essential if TC10 operates mainly in highly
differentiated tissues such as muscle, where proliferative sig-
nals could be deleterious to function.

The tissue distribution of Borgs varies with the isoform.
Borgl mRNA was detected in all tissues examined, while
Borg2 was expressed only at very low levels in brain and liver.
Borg3 mRNA appears to be present at very low levels in most
tissues, but a much longer transcript was clearly detectable in
skeletal muscle. Whether the multiple Borg transcripts repre-
sent splice variants or partially processed mRNAs remains to
be determined. We were unable to clone the full-length se-
quence of Borg4, and no mRNA was detected for this protein
in any of the adult human tissues tested. It may therefore be
expressed only in fetal or embryonic tissues.

We studied Borgl and Borg3 in more detail. When ex-
pressed ectopically in NIH 3T3 cells (or in BHK cells), the
proteins appeared to be predominantly cytoplasmic and in-
duced a characteristic phenotype that included the formation
of long thin extensions and protrusive lamellipodia as well as
the partial loss of stress fibers. The effect may be related to the
loss of stress fibers caused by inhibition of Rho function, which
permits a more extensive remodeling of the F-actin into filop-
odia (35). The idea that there is competition between different
GTPase-mediated signals for structuring the finite amount of
actin present within the cell has been also proposed by others
(32). We tested this hypothesis further by coexpressing Borg3
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with wild-type Rho. The overexpression of Rho restored stress
fibers and a more normal fibroblastic cell shape, supporting the
idea that Borg3 can inhibit Rho function.

By what mechanism might the Borg proteins exert their
effects on the cell? Conceivably, the Borg CRIB domain might
bind to Cdc42 and/or TC10 and compete out other down-
stream effectors for these GTPases. We do not favor this mech-
anism, however, because a CRIB mutant of Borg3 that is
unable to bind Cdc42 was fully capable of inducing the char-
acteristic Borg phenotype. The CRIB mutant data also rule out
the possibility that the phenotype might result from the inter-
action of GTP-bound Cdc42 and/or TC10 with Borg, which
activates a downstream signal. Moreover, the coexpression of
Borg3 with wild-type Cdc42 did not inhibit the formation of
filopodia by Cdc42 but caused a dramatic increase in their
length. A similar phenotype could be induced by the coexpres-
sion of the RhoGAP, p190, with Cdc42, supporting the pro-
posal that Borgs can inhibit Rho function. Therefore, the Borg
proteins most likely induce the observed effects on the cy-
toskeleton independently of a direct interaction with the small
GTPases, although binding to Cdc42 may well modify these
effects, either by changing the subcellular distribution of the
Borg proteins or by inducing conformational changes which
would alter their interactions with other proteins.

It is important to note that changes in stress fiber formation
can occur independently of Rho activity. For example, the drug
cytochalasin D activates Rho but causes the dissolution of
stress fibers (38). Rho is believed to regulate stress fiber for-
mation through its downstream effector, ROCK, which phos-
phorylates and inhibits the myosin light-chain (MLC) phospha-
tase. Phosphorylation of MLC mediates the formation of
actomyosin bundles and stimulates contraction (21). A protein
kinase effector of Cdc42 and Rac (PAK1) has been reported to
phosphorylate and inhibit the MLC kinase, thereby reducing
MLC phosphorylation and reducing actomyosin bundling (45),
but these results have been disputed, and in another system
PAKI1 appears to be able to stimulate MLC phosphorylation
(47). Our present data do not, therefore, definitively prove that
Borg proteins cause disassembly of stress fibers through an
inhibition of Rho function, but they are consistent with this
hypothesis.

The cytoskeletal responses of cells to Rac have been shown
to be independent of the effects of this GTPase on other
signaling pathways such as that which activates JNK (24). A
similar situation probably holds for other Rho family GTPases,
including Cdc42. To determine whether Borg proteins partic-
ipate in these other pathways, we examined whether the ex-
pression of Borg3 interferes with or potentiates JNK activa-
tion. We showed that wild-type HA;-tagged Borg3 inhibited
the basal JNK activity. Surprisingly, like its effects on the cy-
toskeleton, the Borg3-mediated inhibition of JNK was inde-
pendent of its ability to bind Cdc42. It remains to be deter-
mined whether the mechanism by which the Borg protein
interferes with JNK is the same as that by which it inhibits Rho
function.

Our observations on the effects of Borg3 on cell spreading
revealed two distinct responses, only one of which was inde-
pendent of Cdc42 binding. After replating onto fibronectin, the
cells that expressed HA;-Borg3 spread very slowly, and the
spread cells possessed an unusual cell shape and lacked stress
fibers. Using the CRIB mutant which is defective in Cdc42
binding, we were able to partially restore the normal spreading
rate but did not restore normal cell shape. We propose that the
rate of spreading is at least partially dependent on the activa-
tion of Cdc42 and its interaction with a set of downstream
effectors, which may be inhibited by competition with the Borg
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protein. WASP and N-WASP interact with the Arp2-Arp3
complex. This complex, which enhances actin nucleation,
branching, and cross-linking of actin filaments in vitro, is in-
volved in the formation of lamellipodia (27, 42). However,
competition cannot completely account for the inhibition in
cell spreading, because expression of the mutant Borg3(1-83),
which can bind Cdc42, was also relatively ineffective in inhib-
iting spreading. Borg3(1-83) is expressed much less efficiently
than wild-type protein, but even when only cells that expressed
similar amounts of protein were compared, the Borg3(1-83)
mutant did not show the same degree of inhibition of spread-
ing as did the wild-type protein. It is likely, therefore, that
protein-protein interactions involving the C-terminal domains
of Borg are required, in addition to Cdc42 binding, to inhibit
cell spreading on fibronectin. The abnormal cell shape caused
by expression of either the CRIB mutant or the C-terminal
deletion mutant is consistent with our other data that implicate
Borgs in Rho inhibition and with evidence from other groups
that Rho is switched on at a late stage in cell spreading and
may be necessary for the assumption of a normal fibroblastic
cell shape (5, 11).

The wounding assay for cell motility was less sensitive to
ectopic expression of Borg3. Although a small inhibition was
consistently observed, it was much less dramatic than the in-
hibition of spreading. This difference may reflect the very dif-
ferent times over which the two experiments were conducted.
Motility was estimated after 24 h, during which time the cell
could compensate for partial inhibition of endogenous func-
tions either by changes in gene expression or by adaptation in
the responsiveness to external signals.

Overall, our studies suggest that Borg proteins may interfere
with the activity of the Rho GTPase and function as negative
regulators in cross talk between Cdc42- and Rho-mediated
signaling pathways. The mechanism by which Borg proteins
inhibit actin stress fiber formation remains to be determined.
They could inhibit signaling through the lysophosphatidic acid
receptor or through the Ga proteins that couple to Rho-spe-
cific guanine nucleotide exchange factors, or they could inhibit
the exchange factors themselves. Alternatively, they may inter-
fere with the phosphorylation of MLC. It will be of interest,
therefore, to identify binding partners for the Borg proteins
other than Cdc42 and TC10 as a first step toward a complete
description of their function.
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